Abstract The color of fruit skin is an important quality parameter, and in many plants, it is the result of coordinative regulation of the anthocyanin pathway. To characterize the mechanism involved in fruit peel coloration of Yunnan red pear (Pyrus pyrifolia), we constructed a subtractive cDNA library using the suppression subtractive hybridization (SSH) technology. cDNA of red peel exposed to sunlight (for 2, 4, 6, and 8 days) was subtracted from that of white skin unexposed to sunlight. Over 100 differentially expressed ESTs were obtained, putatively involved in primary and secondary metabolism, stress, and defense response. Expression analysis using semiquantitative reverse transcription polymerase chain reaction (RT-PCR) for 13 genes was performed with two pear cultivars, lightskinned 'Zaobaimi' and red-skinned 'Yunhong-1', which had been bagged and then exposed to sunlight for 0, 1, 2, 3, 5, and 7 days before harvest. This analysis showed that genes encoding for a metallothionein-like protein and a NADP-malic acid enzyme were constitutively expressed, whereas other selected genes were either down-or upregulated. Semiquantitative RT-PCR analysis for 7 anthocyanin biosynthetic pathway genes and 3 putative regulatory genes was also performed. Results showed that an R2R3 MYB transcription factor PyMYB10 was up-regulated in both the less-colored pear 'Zaobaimi' and well-colored red pear Yunhong-1 after the bag was removed, but that kinetics differed between cultivars. Other anthocyanin-related genes appeared to be coordinately regulated by the MYB-bHLH-WD40 complex. DFR and ANS genes seemed to be limiting factors for the peel coloration of less-colored pear 'Zaobaimi', while all biosynthetic steps are up-regulated by 7 days after bag removal in red fruit. This study suggests the regulation of red pear coloring is via differential effects of the MYB-bHLH-WD40 complex on the pear anthocyanin pathway genes.
Introduction
Yunnan red pear (Pyrus pyrifolia Pyrus L.) belongs to the pear subfamily (Pomoideae) of Rosaceae and is cultivated at higher altitudes (1,800-2,200 m) in Yunnan China where, annually, there is an average temperature of 14°C, precipitation of 890 mm, and sunshine of approximately 2,000 h. A set of four cultivars has been developed, which differ in maturity: an early-maturing 'Zaobaimi' (matures in July, also named 95-2), midmaturing 'Meirensu' (matures in August, also named red pear 32) and 'Mantianhong' (also named red pear 35), and a late-maturing 'Yunhong-1' (matures in early October). The first three varieties were obtained by hybridization between Yunnan paternal 'Torch pear' and the maternal Japanese 'Kosui' pear, while the last variety was selected from Yanshan, southeastern of Yunnan (subtropical) province. These varieties have been widely planted in Yunnan. With large-shape, thin-red peel, white/ tender sweet flesh, and crisp texture, Yunnan red pears have been of great commercial interest. The peel of red pear Yunhong-1 colors easily, while the other varieties only color under certain conditions. In horticultural crops, fruit skin color is an important factor to consider for consumers, whereas red peel fruits are more popular with consumers (King and Cliff 2002) . Therefore, it is of importance to research the coloration mechanism with the aim of improving or changing the color and anthocyanin content of fruits via breeding or gene engineering approaches.
The red coloration of pears, and other rosaceous fruits, is determined by levels of anthocyanin accumulation (Steyn et al. 2005; Feng et al. 2010) , which, in the main, are represented by two compounds: cyanidin 3-galactoside and peonidin-3-galactoside (Dayton 1966; Dussi et al. 1995) . Most enzymes in the anthocyanin biosynthetic pathway in pears have been isolated and studied (Fischer et al. 2007) , and recently, a regulatory gene, the transcription factor PyMYB10, was found to correlate with the expression of anthocyanin biosynthetic enzymes in P. pyrifolia (Feng et al. 2010) . The level of anthocyanin accumulation in pear is affected by cultivar and environmental specific factors. In apple and pear, levels are enhanced by sunlight and cold (Kim et al. 2003; Steyn et al. 2004a, b; Tsuda et al. 2004; Jia et al. 2005 ), but accumulation in pears appears to be different from apple, as the red pear skin subsequently fades toward harvest (Steyn et al. 2004a, b) and decreases under strong light (Steyn et al. 2004a, b) .
In order to obtain candidate genes involved in pear skin color, we have employed the suppression subtractive hybridization (SSH) technique. Since its first use (Diatchenko et al. 1996) , the technology of SSH has been effectively used in research on many plants including corn and wheat (Peng et al. 2003) , as a method for cloning differentially expressed genes (Diatchenko et al. 1996) . This method can effectively enrich differentially expressed genes and enhance the efficiency of cloning such genes. In order to obtain colorrelated genes and to clarify the skin coloration mechanism of Yunnan red pears, a light-specific SSH cDNA library of Yunhong-1's peel was constructed of over 100 differentially expressed ESTs. From this library of differentially expressed genes, semiquantitative reverse transcription polymerase chain reaction (RT-PCR) analysis of 13 library genes and 10 anthocyanin biosynthesis genes were performed using primers designed from the ESTs or based on the sequences of known anthocyanin biosynthesis regulatory and structural genes during fruit skin coloration. Results showed that an R2R3 MYB transcription factor, PyMYB10, was upregulated in correlation with color development. Other anthocyanin-related genes appeared to be coordinately regulated by this MYB, including members of a MYBbHLH-WD40 complex.
Materials and Methods

Plant Material
The fruit peels of the early-maturing red pear variety 'Zaobaimi' and late-maturing red pear Yunhong-1 used in this experiment were both collected from the orchards of Yunnan Red Pear Science and Technology Development Company, Kunming, Yunnan (Fig. 2a, b) . The trees had been grafted on 5-year-old golden pear (Pyrus betulaefolia Bunge cv. Tang Li anvil) rootstocks. Fruits were bagged with white single-layer bags after fruit set and replaced with double black sacks after fruit became too large for white bags. The peels of Yunhong-1 fruit were collected after removal of the bag at days 0, 2, 4, 6, and 8, respectively, which was approximately 1 month before usual harvest date. The skin was peeled off and immediately placed into liquid nitrogen and stored at−80°C before library construction. The peel samples of both 'Zaobaimi' and Yunhong-1 were collected after the fruit bag removal at 0, 1, 2, 3, 5, and 7 days, respectively, before harvest. The skin was sampled as above and then stored at−80°C for analysis of gene expression profiling.
Isolation of Total RNA and mRNA
The guanidine isothiocyanate method was adopted for total RNA extraction of fruit peel (Liu 2007) . Isolation of mRNA was performed by Oligotex® mRNA Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. The integrity of total RNA was detected by 1% formaldehyde denaturing agarose gel electrophoresis, and the concentration of the total RNA was tested by UV spectrophotometer.
Construction and Testing of SSH Libraries of Yunhong-1's Fruit Peel SSH was performed by PCR-Select TM cDNA Subtraction Kit (Clontech, Palo Alto, CA, USA) according to the manufacturer's instructions, using the cDNA of the white peel unexposed to sunlight as the driver and the mixture cDNAs of red pericarp exposed to sunlight for 2, 4, 6, and 8 days as the tester. The second PCR products, after subtraction, were recycled and linked into the pGEM-TEasy Vector (Promega, Madison, WI, USA) and then were transformed into Escherichia coli DH5α strains and screened on the LB solid medium plate containing IPTG+ X-gal+Amp at 37°C overnight. Subsequently, recombina-tion rate was tested by blue-white screening. A total of 1,000 positive clones were randomly selected from the constructed SSH library, and the recombination efficiency and insertion size were tested with using SP6 and T7 primers. The DNA Marker III (Tiangen, Beijing) was used as standard in this article.
Sequencing and Sequence Similarity Analysis
Clones in which the insertion fragment size was determined to be from 200 to 1,200 bp were sequenced. After removing vector sequences and linker sequences by Sequencher 4.8 (http://www.genecodes.com/), high-quality ESTs were obtained. These ESTs were aligned with nonredundant sequences of NCBI database using the NCBI Blastn program (http://blast.ncbi.nlm.nih.gov/Blast.cgi).
Analysis of Gene Expression Profile
Using the Bio-Rad iCycler TM Thermal Cycler (Bio-Rad, USA), RT-PCR amplification of nonredundant genes in the library was performed using primers designed by Primer Premeier5.0. Primer sequences and corresponding annealing temperatures are shown in Table 1 . PCR amplification parameters were predenaturation at 94°C for 2 min, then 30 cycles including denaturation at 94°C for 45 s, annealing at aT°C for 45 s, extension at 72°C for 2 min, and finally 72°C for 5 min. A total volume of 25 μL of PCR reaction mixture was 1.0 μL cDNA (100 ng/μL), 0.4 μL 10 mM mixed dNTPs, 2.5 μL Taq DNA polymerase buffer, 1.5 μL 50 ng/μL forward primer, 1.5 μL 50 ng/μL reverse primer, 0.3 μL of Taq DNA polymerase (5 U/μL), and 17.8 μL ddH 2 O. The products were examined using electrophoresis in 1.2% agarose gel staining by ethidine bromide after PCR.
Pigment Extraction and Measurement
The method of Goodman was modified and used for measuring the relative content of anthocyanin (Goodman et al. 2004) . Anthocyanin pigments for absorbance analysis were extracted by grinding 250 mg of tissue in 1 mL of 0.1 N HCl in methanol. The ground tissue was left in the HCl/methanol overnight and then centrifuged for 5 min at full speed in a microcentrifuge to pellet the solid plant material. Absorbance of a 500-μL volume of the supernatant was read at 530 nm using a UV-visible Spectrophotometer-1700 (Shimasdzu, Japan). The integrity of total RNA of red pear fruit peels was tested by 1% formaldehyde denaturing agarose gel electrophoresis, and the concentration of total RNAs was tested by UV spectrophotometer. Both total RNA of the white skin unexposed to sunlight and the red skin exposed to sunlight for 2, 4, 6, and 8 days showed two strong 28S and 18S bands, with a weaker band 5 S (Fig. 1a) . The OD 260 /OD 280 values of total RNAs were both approximately 1.90, which indicated good quality of RNA for use in mRNA isolation and the following studies. Subtractive efficiency is the important indicator of successful subtraction. The enrichment of differentially expressed cDNA was conducted by the first and second round PCR with primers outside and inside of adaptor 1 and adaptor 2R sequences. The result of the second round of PCR was shown in Fig. 1b , the product of the second round PCR of the tester cDNA without subtraction showed a strong light band and a smear-like fluorescence, while that of the tester cDNA after subtraction showed a weaker band with a narrow distribution, indicating a high subtractive efficiency. Detected by PCR with SP6 and T7 primers and 24 randomly picked clones, the insertion sizes ranged from 200 to 800 bp (Fig. 1c) . All of the results indicated that the RsaI digestion and ligation of digestion products and the subsequent subtractive efficiency were met by the library construction requirements.
cDNA Sequence Analysis of the SSH Library
In general, ESTs with a high or moderate degree of similarity to nonredundant genes are from regions of genes that are conserved, and their gene function can be suggested by BLASTn and BLASTx to known genes. ESTs with low sequence similarity, as well as those with no similarity to known genes, may be from nonconservative regions of known genes or new genes. The length and quality of the UniGenes are closely related to the similarity search; that is, the longer the UniGene, the higher the similarity detection value.
The clones with insertion sizes ranging from 200 to 2000 bp in the library were sequenced. One hundred and two high-quality EST sequences were obtained after removing the low-quality and repetitive sequences. The result of aligning these ESTs with GenBank nonredundant sequences by the Blastn program showed a total of 56 ESTs with high similarity to nonredundant genes ( showed no significant similarities with nonredundant sequences in GenBank, which may represent unique red pear 'Yunhong-1' genes or be from nonconserved regions of known genes.
Gene Expression Profiling
Semiquantitative RT-PCR analysis of 13 of the SSH library genes, 7 anthocyanin biosynthesis enzyme genes, and 3 regulatory genes was performed with RNA isolated from peels of very poorly colored red pear 'Zaobaimi' and a wellcolored red pear 'Yunhong-1' exposed to sunlight for 0, 1, 2, 3, 5, and 7 days (Fig. 2b) . The results showed that metallothionein-like protein gene (MT), NADP-malic enzyme gene (NMDH), and photolysis Gene (PHL) in earlymaturing 'Zaobaimi' were constitutively expressed, whereas other genes showed down-regulation of expression (Fig. 3) . In red pear 'Yunhong-1', all genes were up-regulated except the thaumatin-like protein (TLP) gene. The only anthocyanin biosynthetic pathway or regulatory genes found in the subtractive library was chalcone synthase (CHS) and the WD40 gene. CHS was downregulated in 'Zaobaimi' and up-regulated in 'Yunhong-1' (Fig. 4) , which suggests that CHS may play an important role in red pear peel coloration. The anthocyanin biosynthetic pathway genes have been well studied in plants such as grape, strawberry, and Arabidopsis thaliana where these genes are subject to regulation by the Myb-bHLH-WD40 complex (Gonzalez et al. 2008) . Primers were designed according to other known plant anthocyanin biosynthesis and regulatory genes for further gene expression profiling in the 'Zaobaimi' and 'Yunhong-1' peels. The results show that the MYB gene PyMYB10 was up-regulated in both 'Zaobaimi' and 'Yunhong-1', while the partner regulatory genes bHLH was down-regulated in less colored 'Zaobaimi' and up-regulated in red 'Yunhong-1' (Fig. 4) . The WD40 was down-regulated in 'Zaobaimi' and up-regulated in Yunhong-1. The anthocyanin biosynthesis genes phenylalanine ammonia lyase (PAL), chalcone isomerase (CHI), flavonoid -3-hydroxylase (F3H), UDP-glucose-flavonoid-3-O-glucosyl transferase (UFGT), anthocyanidin synthase (ANS), and dihydroflavonol-4-reductase (DFR) followed a similar pattern, being down-regulated in 'Zaobaimi' and up-regulated in 'Yunhong-1' peels, respectively. This is particularly apparent for the dihydroflavonol-4-reductase (DFR) gene transcript and anthocyanin synthase (ANS) transcript, which showed opposite expression trends in 'Zaobaimi' and 'Yunhong-1' (Fig. 4) . The expression profiling of anthocyanin biosynthesis and regulatory genes during fruit ripening coincide with the skin color changes, which implies that the regulatory genes promote the peel coloration of the late-maturing red pear fruit.
Changes of Anthocyanin Content During Fruit Coloration
Anthocyanin pigments for absorbance analysis were extracted in 0.1 N HCl in methanol, and the absorbance was read at 530 nm using a UV-visible spectrophotometer. The results showed that both in 'Zaobaimi' and 'Yunhong-1', the content of anthocyanins increased gradually from 0 to 3 days and then sharply in 5 days. However, there was a decrease at 7 days in 'Zaobaimi 95-2', and it continued to increase in Yunhong-1 (Fig. 2c) . The results were positively correlated with the gene expression changes at the same time.
Analysis and Discussion
Alignment searches of the 1,000 clones generated by SSH revealed a total of 56 ESTs with high similarity to nonredundant genes currently deposited with GenBank ( abundant gene in the library and shared 97% of similarity with P. pyrifolia MT gene. This gene showed a constitutive expression profile in both 'Zaobaimi' and 'Yunhong-1'. This is consistent with reports that MT is abundantly expressed in early phase of ripening banana pulp (Clendennen and May 1997) . There was also high expression of the thaumatin protein (TLP) (Fils-Lycaon et al. 1996) , which can increase fruit pathogen resistance (Gao et al. 2005 ) and antifungal and other properties (Ho et al. 2007) , and 70-kDa heat shock protein (HSP) and HSP2 protein of pear (Pyrus communis L), which functions to prevent proteins from degradation (Ferguson et al. 1994) . In 'Yunhong-1', the HSP gene was strongly up-regulated.
Secondary metabolism-related genes found in the SSH library included regulators such as the TTG1 protein, which combines with transcription factor bHLH, and MYB to regulate anthocyanin biosynthesis in Arabidopsis (Morita et al. 2006) . Expression profiling showed that the WD40 was downregulated in Zaobaimi and upregulated in Yunhong-1. The chalcone synthase gene (CHS), the only anthocyanin biosynthesis gene found in library, is also a key enzyme in anthocyanin pathway (Matsumura et al. 2005) , which is consistent with the results that CHS was up-regulated in the red leaves of lettuce (Park et al. 2007) , and its expression is induced by UV-A (Xu and Li 2006; Zhou et al. 2007 ). The expression profile of CHS in 'Zaobaimi' and 'Yunhong-1' correlated with skin coloring. Plant anthocyanin MYB regulators such as MdMYB10/MYB1 (Espley et al. 2007 ), VvMYBA1 (Walker et al. 2007) , and MrMYB1 (Niu et al. 2010 ) are subject to light induction, and then coordinately up-regulate in the anthocyanin biosynthesis pathway. In both 'Zaobaimi' and 'Yunhong-1', the MYB gene showed an up-regulated expression profile. The bHLH partner also showed down-regulated expression in the paler 'Zaobaimi' and greater expression in Yunhong-1, which suggested that the bHLH plays an important role in red pear's peel coloration. and 'Yunhong-1'(down) red pears after bag removal for 0, 1, 2, 3, 5 and 7 days. Total RNA was extracted from peels, then semiquantitative RT-PCR were performed with ESTs primers. MYB10: PyR2R3-MYB protein gene; bHLH: basic helix-loop-helix; WD40: WD40 protein gene; PAL: phenylalanine aminotransferase; CHS: chalcone synthase; CHI: chalcone isomerase; DFR dihydroflavonol-4-reductase; F3H: flavanone -3 -hydroxylase; UFGT: UDP-glucoseflavonoid 3-O-glucosyltransferase; ANS: Anthocyanidin synthase Fig 3 Expression profiling of genes from the SSH library sharing high identity with nonredundant genes of GenBank in 'Zaobaimi' (95-2) (left) and red pear 'Yunhong-1'(right). Total RNA was extracted from peel after exposure to sunlight for 0, 1, 2, 3, 5, and 7 days, separately, then semiquantitive RT-PCR was performed with specific EST primers ( Table 1 ). The internal control was red pear 18 S rRNA, the gene amplified included 14-3-3P: 14-3-3 family protein, ENA: enolase-like, GST: glutathione S-transferase Z1, HSP: heat shock protein 1, L9P: ribosomal L9-like protein, MT: metallothionein-like protein, NMDH: NADP-malic enzyme, ABCT: ABC transporter, PDC: pyruvate decarboxylase, TLP: thaumatin-like protein, PHL: photolyase, UBE: ubiquitin-conjugating enzyme, CAL: calmodulin Expression profiling of PAL, CHS, CHI, DFR, F3H, UFGT, and ANS all were down-regulated in 'Zaobaimi', indicating that the peel anthocyanin biosynthesis gradually diminished during the fruit ripening, thus, leading to less colored skin of 'Zaobaimi'. On the contrary, these genes were up-regulated in 'Yunhong-1' peel.
We hypothesize that the core transcriptional complex of MYB, bHLH, and WD40 regulate the expression of the anthocyanin biosynthesis genes. It has been previously reported that ethylene regulates anthocyanin synthesis via adjusting expression of MYB activator in mangosteen (Palapol et al. 2009) , and that different cultivars of bayberry have different MYB profiles. Similar events appear to occur in the peel of red pear, environmental modulation of the transcription of the MYB-bHLH-WD40 complex, which differs in different cultivars. A greater understanding of this process will aid the management, breeding, and engineering of anthocyanins content or coloration in red pears, ornamental flowers, and other crops.
